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ELECTROCHEMICAL ENERGY STORAGE USING PEM SYSTEMS

N. E. Vanderborgh, J. C. Hedstrom, and J. R. Huff

Advanced Engincering ‘Technology Group
Los Alamos National L.aboratory
Los Alamos, NM 87545 USA

ABSTRACT:

This paper gives the results of an engincering
assessment for future, long-lived space power systems
for extraterrestrial applications. Solar-based, regencrative
fucl cell power plants formed from cither alkaline or
PEM components are the focus. ‘Test results on
advanced PEM fuel cell suack components are presented.

Key words: Space power, fuel cells, clectrolysis, energy
storage, PEM, alkaline

1. INIRODUCTION:

During the U1.S. NASA program, hydrogen-
ox ygen fuel cells have provided clectrical power for space
and extraterrestrinl missions. Reliable fuel cell systems,
liquid = ygen and hydrogen fueled. flew on Ciemini,
Biosatellite, Apollo, and Shut'le missions. NASA
missions used fuel cells as prinury hardware, similar in
mission purpose 1o long-lived "batteries™(1). Fuel cells
also perform as secondary, i.e., rechargeable, power
devices when combined with water electrolyzer
components, Planned, future space missions, especially
the Lunar Base and the Martian Lander, most likely will
demand higher power fevels than historic, shorter
missions(2). Targe-scale solar arruys or, perhaps, nuclear
reactors are required to meet primary mission power
requirciients. Secondary fuel cell symems provide
energy storage, for instance (o supplement soliar urriys
durmg dark peniods wid to meet short-term peak power
requirements. Fuel celis also provide primary mission
power, for eneegy system hackup, including buse siting,
start-up, amd emergency power.

This paper discusses CONCMPOrary regencrative
fuel cel (RECY hardware. efficient secondary "battery”
components that protimse enhunced rehinbibity, and
perfonnance and safety tor mission regquirements. Figure
I illustrates the basic energy storage concept. A fuel edll
stack nd an electrolyzer sack either triamsfens power o or
uecepts power from (he bus - Some REC designs
combing the fuel cell and electrolysiy stacks into one
ntegrated unitt) - Dunmg the storige mode, the
electroly zer dets 1O Convert reactant water into gaseous
hydrogen and oxypen  Fhese reieants ae stored s
pressunized gises or s cryopemce adsed)y During thwe
power penention mode, hydropen and oxypen are fed o
the tuel cell stack - Withan the stack, anrng power

generation the gases are converted to the products,
clectrical power and war=r. Water is retumed (o the
storuge tank. Usually, the clectrolysis stack operates at
the same pressure as that vsed for gas storage, while the
fuel cell stack operates at some lower pressure.
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Figure 1: Regenerative Fuel Cell (Secondary) Power
Systemi: Enerpy is stored us pressunized hydeogen and
oxygen when excess power is available. During the
Lunar mght, the tuel cell stk delivers power to the
loud. Stk heat is used to keep the system from
freezing.

Waiter feed to the electrolysis stack is pressunzed to
operating levels by the mjection pump - Heat is gen-
crted during device opention becanse of resistanee losses
and conversion ineificiency. Heat flows o the thenmal
bus, i hemt-rejection component that removes heat during
buoth panis ol the energy conversion eyele. Gas dryers ane
necessaey (o remove wader from the electrolysis stiwk
products prior o stotage  Thorough ramoval of moisture
prevents possible problems with freezimg and corrosior
that cin occur wher wel pases are stored. The power
density of the device i set by The size ol the fael eell and



clectrolysis stacks.  The energy densily results from the
quantity of gaseous reactants and ligquid water stored.
Increasing energy density involves adding additional
storage facilities and quantities of reactants. The REC
system is unigue in its high efficiency, high power
capabilities (both clectrolysis and fuel cell opertion),
high reliability, and design flexibility

2. REGENERATIVE FUEL CELL TECHNOLOGY
ASSESSMENT:

Future space missions extend the power require-
ments because of increased duration and reliability re-
quircments. For instance, the Lunar Base mission
duration extends over periods of years, as contrasted o
carlier SO0-h Apollo requirements. The new
requirements have led to evaduations of readiness of
contemporary REFC echnology. Because of reliability
and readiness requirements, only low-temperature
clectrochemical hardwire appeared appropriaite. Both
advanced alkaline and proton exchange membrane (PEM)
clectrolysis and fuel cell stacks were considered, and four
possible REC configurations were explored(8), Present
and projecied low-temperature electrochemical hardware
shows voltage parity between alkaline and PEM fuel
cells (See Table 1.) The majonity of data showing
unuswitlly high voltages in alkaline fuel cells are the
result of high pressure and temperature. Under these
more aggressive conditions, component lifetime is
probably compromised. Because relinbility and lifetume
are the two most important criteri, cither fuel cell type
must necessarily operate in benign “egimes. Under these
conditions, the two electrolyte systems, KOH and PEM,
show very similar voltage performance.

The technology assessment focused on power
reguirements for the Tunar Base, an operational situntion
that couples the REC with a solar array. The solar areiy
provides sufficient power for normai mission activities
i for regenerating hydrogen and oxygen during the
insolation period (14 days). During the lunar night,
stored hydrogen and oxygen feed ibe fuel cell o provide
all buse power - Assessients conswdered only a steady
state 2S-kW power level. This configuration is
coanidered a s up” made.

The leng duty cycle forees a siarion where the
reictnt mass. the werght of hydrogen and oxygen, and
the gis storage Gk miss are the most significant
contributors in total system mass. These caleulutions
assumed that the system icludes te heat rejection, ie,
ridiator components T order of decreasing nass, the
2S-kW REC inchmdes these compoments resm i Morage
tank s, OV kg (42 140, oxygen reactant nisy,
012 ke (36,30, heat repection mass, 719 kg (8 7%4);
fuel cell stik miss, 379 kp (4.0% ), hydrogen reactan
nss, 379 kg (4 6700, and electrolysis stack migss, 279
K (349 Becise of the preponderanee of reigetant aixd
tank mass, svstem pertormanee depemds upon eticiem
fuel utileation, ve . lugh conversion ethiciemey,
speciticalty i tire toel cell landware  Tae tuel eell stack
st operate ot fow cusent dens tv simplhitving thetmygl

Management and IMProving SWCek nicume.  AIDOugn
the fucl cell and electrolysis stacks can be combined to
form one physical unit, achieving this integration does
little 0 decrease system weight, especially if the
integrated RI'C demonstrates lower fuel cell voltages.
Interestingly, components for heat rejection of the low
temperature (<9°C) heat contribute only about 9% o
the total system mass, assuming radiators of
conventional design.  This result suggests a compact,
integrated electrochemical section coupled to much
larger, less insulated reactant storage section.

Twuo different reactant storuge concepls are fea-
sible—pressurized gases or cryogenic fluids. Most of the
study emphasis was on pressurized pas storage. Storage
pressure for gaseous reactants between 2 MPa and 20
MPa was considered. Product pases would be generated at
the designated storage pressure. Contemporary fiber-
wrapped tanks demonstnute a tank performance factor
(1P'= PRV/M, where Pp is the burst pressure (psi), V
tie volume (in.3Y and M is the tank mass ( pounds))
greater than 108 in. Tank mass was calculated assuming
i Kevlar-wrpped cylinder with an aluminum liner.
Cryogenic storage reguires additional refrigeration
components and enerey inpuis. Refrigeration energy
must be supplied during solar activity from a enhanced
solar array. The manner in which the tink burst pressure
is defined determines whether the pressurized gas or the
cryogenic fluid storage system is lower in weight. In
cither case, however, the large fraction of the svstem
mass that contins the chemical resctants is constant,
‘The cryogenic storage mode wldds the complexity of
refrigerution components,

REC system thermual management is complicated
by the long duty cycle. Even using high stack voliage
levels (>0.850 V/icell), sufficient thermal energy is
probably available to keep the clectrolysis unit, the stack
unit, and the water stornge tink above freezing
tempenatures. However, thorough considerstion of
thermal oxses was not part of this study. ‘The very large
reactant storage lanks, of course, must lerate the cold
temperature of the lunar night. Gas drying is essential
and components in the lardware must provide for ahimost
complete ‘vater removal betore the gas is trunsferred to
storuge. Preliminary analyses suggest that some excess
thermal energy may be available for extm-power system
needs, such as heat for the habitat module. ‘The simplest
operabonal situntion during the dark period is one tat
uses Mendy-state power geaeration, runining at te design
load point. Towering power lowds durng the Tunar night
nmuty create situations where stinck waste heat is
msufticient to keep the power system operational. Ulnder
those conditions, stuek etficiency may ieed o be
decreased to obtain lgher heat peneration rates. Because
of this system thermal reguirement, theee is little
system wdvantage o ancreasmg stuck voltage ouipits
higher than those now demonstrated

Ihe eviluation coneladed tat wlvanceed 1'EM
designy are compentive, and probably, in fiet, more
promsing for meeting extended mission requaretiients



Table 1: Demonstruted and Projected Performance of Alkaline and PEM Luel Cell Stacks

Oxbiter Adv. Orb Proj* Nation Dow Proj**
J 194 214 218 215 215
ma/em2
Cell 0.891 0.869 1048 0.907 0.930 0,920
Vohage
Temp, C 60 82 104 102 K2
Press, 0.41 041 0.69 0.69 0.21
Ml)l

*  Projected AFC performance using a SO% KOH electrolyte.
** Projected avivanced PEM performance., based on LLANL. data.

than are the alkaline designs. System designs are key to
mecling future requirements, especially

system features for thermal management. Most likely
auxiliary components, pumps, ctc., have lower relia-
bility than electrochemical hardware units. Redun-
dancy of less reliable components may be necessary.

3. PEM COMPONENT READINESS:

Studies are underway (o evaluate ’PEM
compousents as part of the REC system development
activities. ‘These studies explore the performance and
lifetime of contemporary graphite-based sukks, and
identify the thenmal and water nunagement dynamics.
Iiigure 2 illustrates the design necessary (o meet these
test objectives: measurement of cell and stack voltage;
metering of reictiant gises, measurement of water
products determining both the rute of water production
and the distribution of water between the amde and
cathode vents, measurement of the "make up” water, the
quantity of water used to humidify the gascous streams,
arkd measurement of thermal outputs.  Initial tests
underway use PEM fuel cell siek hardware supplied by
Ballard ‘Technologies, Visicouver, Caada. ‘These
graphite hardware, 232-¢cm2 active aren stacks, using
hydrogen and oxygen reactant feeds, generate up to 10
kW of clectrical power. Under more efficient operstionl
levels, with current density between 100 ikl SO0
maem, power levels are between 2 and 4 kW, Teats
utilize two different fuel cell stacks, one using Nahon'™
117 polymer membranes wnd the secon d using Dow
expenmentid polymer membrines.

Fagure 3 shows stk pedomance for ome steady -
stite operating poimt for the Nafion™ stk it i pressure
ol 021 MI%, both anode and cathode  Chemical energy
input, based on the high heating value of hydrogen, is
RS2 W, operating at RO C This ainput energy is
pariioned mto electneal energy (SO 7% efficiency) and
thermal enerpy  The thermal energy s produced waithin
the cooling water flow and as sensible heat ot the anode
and cuthade venes - Part of the thermal energy, "heat
loss,” ridhates trom the sk suttace Other operating
pornits shiow difterent dnttibutions etween electneal and
thenmal outpois

Withw low-emperature fuel cell stiwk desipns,
ONE BCCESNAEY WIle REIEECIenl objecive s to sustam
baph ome conductiviey throuph v membrane amd
cleciiocatilvie luvers 1 these Tavers div, lagh miss

transpont resistance is the result. Water transport
involves electroosmosis, which pumps water from the
anode 1o cathode region, coupled o the ionic flux. This
oceurs by transport of a hydrated ion, formally such as
11:0*. Water also moves from the cathode membrane
layer to anode layer, driven by diffusive and convective

forees. Finally, water moves
fuel cell
stack

mauke *
H
up 2

waler

thermal

Avude ‘atlhende
nanagenent vutly

vent vent

Figure 2 PEM Fuel Cell Suwk Evaluntion System

between the membringe Higuid) phise and gas plase
Hoth condensution and ¢ vaporation wre unportint.
Electroosimosis results in conditions that remove waler
from the winxde membrane fike  The electioosmotic
coetficient, the riho of water molecules o protons in the
transported wome Hux, s i tunction of both water content
and membrane typxe

Uider conditions where the anion to-wmeon ds
menstom within these Eiyers shorten, i sanadler ritio of
winer to protons occurs dunng the transport process
Lower egumivilent weight polyimets hiave these shorter



aimensons. Water content intluences the mof cular
dimensions, as well. The polymer morphology also
influences molecular water transport caused by changes

in diffusion or convecuve processes. In addition,
molecular water transport rates (mg/cm2-s) are
influenced by polymer thickness. Consequently, both
the rates of molecular water transport and the rate of
electroosmotic water transport are functions of membrane
type, water content and dimensions.

NASA FUEL CEiL TEST STATION 1
BALLARD MARK SA NAFION STACK

e — e
HEAT LOSS 187 w
H2 HHV 8332 w ANODE 183 y
- | CATHODE 284 y
COOUNG 3581 w
ELECT 4327 w
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Figure 3: Thermal Balance Determined for PEM Fuel
Cell Stack, Ballard Mark SA Fuel Cell Stack equipped
with Nafion™ Suck.

Figure 4 shows the companson of daw with an-
alytical models that show water production rates within
the anode compartment determined for one set of stack
uperaung conditions(6), operatng the PIM swuack using
hydrugen and oxygen reactants with d current denssty of
0.536 amp/cm? at u temperatore of 80°C. The
vilculations shown 1n Figure 4 extend through a mnge of
clectroosmotic coelficients covenng values hetween one
to twa (the so-called "drag” terms), and the range of
tmolecular water tansport raes (the so-called "diffusion
coetticient”) that desenbe the composite of diffusive and
convective molecular water tmnsport processes cathode to
anode, between O and 70 x 10 " cmé/s. These two water
transport processes are treated sepanately in this model,
Hoth of these tenns involve water transpert, but in
appostte directions within the membrane.

his maodel shows spectfic values tor the
clectroosmotic coetticient and the waler diffusivaty
cocticient, wnd the relanons of these parameters to water
product production tie s, Netther of the two trianspont
rate panneters are known with certimty - Aceeplable
rsiges for these two panuneten s ire detined, however [
model predicts the distnbution ot product water (e sum

of watsr admitted to the humiditiers plus the water
generated during cathoae compartments). When the
electrocsmotic coefficient is increased, additional water
moves through the membrane to the cathode and then the
fractuon of water in the cathode product stream increases,
[Inder conditions where the effective diffusivity increases,
4 higher water flow occurs through the membran-,
increasii.g the anode water product flow.

COMPARISON BETWEEN MODEL AND EXPERIMENT

BALLARD MOD:L 5SA DOW STACK
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Figure 4: Comparison Between Experimental Water
Prodiction and Model Predictions, Ballard Mark 5A Fuel
Cell Stack, equipped with Dow expenimental
membrancs.

‘The measured value of 3.2 mg/s water production
from the anode compartment is the result of two
processes: (1) water is removed from the anode area by
clectrousmotic transport, coupled o the lonic, i.c.,
proton flux, and transported o the cathode membrane
edge, und (2) water is transported (o the anode edge,
hecause of the cathode-w-anode flow and 18 emoved
there. UInder the conditions shown, excess water is
recovered from the anode—the second process tansports
waler ut liasier rutes than the first. Under other stack
operational conditions, the distribution of water product
hetween the anode and cathude companments changes.

At lagher current, the first process becomes dominant.

At lower current, 1 sigmificant fraction of the total water
product emanates irom the anode compartment. Al the
current level shown in Figure 4, about 22%: of the otal
waler product 1s recovered from the amxde (wnxde flow 3.2
mg/s, cathode flow 114 mg/y).

Figure 4 shows that a senies of specific values for
the drng aunld ditfusion coetticients can explan the
measured wwode water production mite.  Trinsport dota
show the effective electroosmotic coefiicient during siack
openition vigies between O 7 w1 3 water molecules per
proton, a vilue much lower than that foumd tor
clectrolysis experunenty, but sull larger than zero, oy
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would be the case il electroosmolic water trinster wa
not extant, for instance during a proton "hopping”
transport scenano. It seems unlikely that water motion
doesn't occur duning the ionic flux transport. The
relatively low drag coefficients most likely result from a
different waler transport rate compared to the proton
transport rate. This is a logical explanation because the
hydrated proton litetime is very much shorter than the
transit time and many hydratien compounds of varying
composition will form and decompose during the transit
step.

‘This anadysis is complicated becanse both
ranspon parumetens are a tunction of membrane
moisture content and current density. Membrane waler
content it certain current densities vanies spatially during
fuel cell operation(7). Much like the water transport
values found during hydriwlic transport experiments that
viry with time. it is likelv that these parametens are also
time dependent.

Consequently in this paramelter analysis, the two
transport parameters remain coupled. However., the
clectroosmolic coefficient must be selected to define a
diffusivity coeflicient that is within an acceptable range,
One set of consistent values determined for the Dow
stk shown here, define a diftusivity coetficient within
the Dow membrane material of 3 x 10-3 em®/s. This
evaluation, of course, assumes constant transport rate
pariameters throughout the membrane, a condition tha
may not be completely realistic.  However, these results
shows that water transport processes are largely
convective in nature

S, CONCLUSIONS:

Proposed spatce pOWET sysiems requiremcnts
dictite improved relabihity and hfetime for tuet cell
hardwire for aimbatious, future spice missions.
Regenerative fuel cel! hardware, coupled to solar armiys,
nay successtully power the amar Base and the Martian
Base  PEM clectrochemieal technology ofters the most
promise of meeting these mission reguirements. These
Base reguiremients dictine systems in wineh energy
storage components are heavy beciuse ol the long duty
cvele and subsequent irge kKW -h requirements,
Comequently, a premunn s given o highly efficient
conversion hardware that nimmizes the guantity of
reacants  Engmecring design, for example, requires
chly ctficient fuel celt systems Tormed mto hardware
that cin survive the thermal environment . Electrolyzer
metheweney atfects the size ol e primary photovoltinge
array - Advianced PER hardwine s beng tesied and
performance, letime, and system engimeenng feitures
are beng documiented  Fxsnng PEM hardwiare shows
adequiste voltipe perfonuance tor enbiineed mission
reguutemnients  Phermal manapement, powen system
ntepration, and rehavlity assessments rengnn as
nporant future sk
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